Abstract. The FireFlux II experiment was conducted in a tall grass prairie located in south-east Texas on 30 January 2013 under a regional burn ban and high fire danger conditions. The goal of the experiment was to better understand micrometeorological aspects of fire spread. The experimental design was guided by the use of a coupled fire-atmosphere model that predicted the fire spread in advance. Preliminary results show that after ignition, a surface pressure perturbation formed and strengthened as the fire front and plume developed, causing an increase in wind velocity at the fire front. The fire-induced winds advected hot combustion gases forward and downwind of the fire front that resulted in acceleration of air through the flame front. Overall, the experiment collected a large set of micrometeorological, air chemistry and fire behaviour data that may provide a comprehensive dataset for evaluating and testing coupled fire-atmosphere model systems.
Introduction
The relationship between fire spread, wind and fuel properties has been an area of research for many decades (Rothermel 1972; Cheney et al. 1993; Sullivan 2009 ). Increased understanding of the fundamental physical processes associated with fire and its interactions with the atmosphere allowed the development of a wide class of fire and smoke models, many of which became useful tools routinely utilised by fire managers, such as The history of fire experiments conducted in an open environment allowing natural plume development goes back to the 1950s (e.g. Schroeder and Countryman 1960; Taylor et al. 1973; FIRESCAN Science Team 1996; Stocks et al. 1996) . Here, we present just a handful of experiments with the intention to illustrate the change in the scope of wildfire observations rather than to provide an exclusive list of all experimental burns conducted over the last five decades. Fire experiments during Project Flambeau were aimed at providing descriptive information on the behaviour of fire plumes based on experimental burns using piles of various fuels that were instantaneously ignited under weak wind conditions (Countryman 1969; Palmer 1981) . The Euroka experiment, conducted in Queensland, Australia (Adams et al. 1973) , complemented the initial efforts of Project Flambeau by providing measurements of the wind speed, temperature and radiant energy within and around a 20.2-ha mass fire. The 1989 Canadian Mass Fire Experiment (Stocks and McRae 1991; Quintiere 1993; McRae 1996) provided a comprehensive set of observations including 10-m winds, air temperature, gas concentrations (O 2 , CO 2 and CO), fuel consumption estimates, airborne analyses of the gases and particles within the plume and infrared imagery of the fire front. Stereo photography was also used to estimate the plume height, while multiple soundings provided ambient vertical meteorological profiles. One of the biggest deficiencies of this experiment was associated with limited observations of the fire dynamics. The sparseness of surface observations, the randomness in fuel distribution and the complicated spiral ignition that was used resulted in a complex flame pattern that was very hard to analyse (Quintiere 1993) . Despite these limitations, this experiment laid the foundation for future integrated fire experiments.
Understanding the needs of the surface fire models available at that time, Cheney et al. (1993) and Cheney and Gould (1995) collected multiple observations of the rate of spread of grass fires under various wind and fuel conditions. These experiments were designed for uncoupled one-dimensional fire-spread models driven by the near-surface wind speed, so meteorological data collected during these experiments were generally limited to 2-m wind speeds measured at the corners of the burn unit. Even though the focus of these experiments was the general characteristics of the fire progression, and no data were collected that would allow examining fire-atmosphere interactions or the plume dynamics, this dataset served as a reference point for the wildland-urban interface (WUI) Fire Dynamics Simulator (WFDS), a coupled fire-atmosphere modelling system (Mell et al. 2007) .
In order to provide scientific insight into intense wildland fires and to support the development of crown fire models, the International Crown Fire Modelling Experiment (ICFME) was conducted near Fort Providence, North-west Territories, Canada, from 1997 to 2001 (Stocks et al. 2004) . The experiment provided extensive measurements of thermal radiation, vertical temperature profiles in and above the advancing flame front, fire spread patterns, spotting distances and densities, flame front residence times, flame size and geometry, and fuel moisture. Unfortunately, the small size of the experimental plots (only 2.25 ha on average) and the lack of comprehensive micrometeorological observations near the fire and in the plume column limited its value as a benchmark dataset for validating coupled fire-atmosphere models. Natural fire runs during ICFME lasted only a couple of minutes, which was too short to allow a thorough investigation of the effects of the fireatmosphere coupling on fire propagation and plume development, which are crucial from the coupled fire-modelling standpoint. Nevertheless, the data collected during this experiment benefited the future development of coupled models. For instance, the original estimate of the heat extinction depth used in WRF-SFIRE (Mandel et al. 2011) comes from this experiment and these data allowed the first crown fire evaluation of FIRETEC (Linn et al. 2012 ).
The ICFME was followed by the FROSTFIRE experiment conducted in the boreal forest region of Alaska, which focused on 'the impacts of weather and vegetation on fire behaviour and the resulting effects of fire on feedbacks to climate' (Hinzman et al. 2003) . This extensive experiment, covering a 970-ha subbasin of the Caribou-Poker Creeks Research Watershed, provided insight into the fire-soil interactions and vegetation recovery in a permafrost-dominated landscape. Unfortunately, the lack of micrometeorological observations near the fire and in the plume, as well as the ignition procedure involving multiple sequentially ignited strips, limited its usefulness from the coupled fire-atmosphere modelling standpoint.
A series of experiments were conducted to investigate dry eucalypt fires during Project Vesta in Australia. During the summers of 1998, 1999 and 2001, a total of 104 experimental fires (200 Â 200-m units covering a range of fuel ages and characteristics) were lit under moderate and high fire-danger conditions Cheney et al. 2012) . One of the unique aspects of the latter project was its focus on replicability between experiments. During the burn days, multiple burn units were ignited at the same time in order to provide replication and minimise the impact of variable weather conditions on fire behaviour.
In coupled fire-atmosphere models, the fire rate of spread at any point in the model domain is computed from local winds as opposed to uncoupled models that utilise ambient winds. Therefore, the local fire-affected meteorology (including both fireinduced horizontal winds and fire-induced updrafts) becomes a key element needed for model validation. With coupled fireatmosphere models in mind, the initial FireFlux experiment was conducted (Clements et al. 2007 ). This experimental burn of ,32 ha of flat grass prairie provided the first observations of the turbulent fluxes of heat, moisture and momentum in the fire environment. Two towers, equipped with sonic anemometers and thermocouples, were placed in the burn unit. The fire, ignited along the upwind edge of the burn unit, was allowed to propagate freely through the prairie and passed the meteorological towers where vertical profiles of the three-dimensional wind velocities, temperatures and moisture were measured. Despite the limitations of this campaign, including the lack of continuous infrared (IR) fire-front progression history and plumeheight observations, this experiment became the most widely used dataset for validation of coupled fire-atmosphere models such as FIRETEC (Dupuy et al. 2014) , MesoNH (Filippi et al. 2013) , WRF-SFIRE (Kochanski et al. 2013) and Rabbit Rules (Achtemeier 2013) .
Another recent large-scale project aimed at providing a comprehensive model evaluation dataset for fire behaviour models was the RxCADRE (Prescribed fire Combustion, Atmospheric Dynamics Research Experiment) project conducted in Florida longleaf pine stands in 2012 (Ottmar et al. 2016) . The RxCADRE multidisciplinary team of scientists conducted 12 separate experimental grass and forest burns, during which fuel, meteorology, fire behaviour and ecological effects, as well as chemical smoke composition, were sampled. One of the biggest limitations of this dataset relates to the selection of burn units. Out of the total of 12 burns, 9 were conducted in very small burn units (100 Â 200 m; 2 ha), which were ignited using hand-held drip torches, whereas the remaining units were 200 and 400 ha in size and ignited using drip torches mounted on all-terrain vehicles. Even though RxCADRE provided unprecedented comprehensive datasets, limited micrometeorological observations , the low intensity of the experimental burns, their small sizes and their short durations severely limit the usefulness of RxCADRE data for the validation and development of coupled fire-atmosphere models operating on numerical grids with spacings of tens to hundreds of metres.
The need for a comprehensive observational dataset characterising fire progression, plume evolution and the atmospheric circulations formed near the fire line motivated the authors of the present paper to revisit the FireFlux site (Clements et al. 2007) , and conduct a follow-up, more comprehensive measurement campaign called FireFlux II (FF2), targeted at filling gaps in the original FireFlux dataset and providing additional insight into the nature of fire-atmosphere interactions and fire-induced turbulence regimes that develop in the vicinity of spreading fires. In the next section of this paper, we present the experimental design of the FF2 experiment and describe how highresolution coupled modelling was utilised in the planning stage of the experiment. The following section describes some key results obtained from various measurement systems, and is followed by concluding remarks providing a summary of the successes and limitations of this study.
Experimental design Experimental area and instrumentation overview
Although the site has been described in detail by Clements et al. (2007) , a short description is provided here. The FF2 campaign was conducted on 30 January 2013 at the same prairie site as the 2006 FireFlux experiment. The prairie is located at the University of Houston Coastal Center (HCC) in Galveston County near La Marque, Texas, ,45 km south-east of Houston and 22 km north-west of Galveston Bay. The prairie (Fig. 1) , at 40 ha (0.40 km 2 ) and 5 m above mean sea level (MSL), is categorised as a Texas Gulf Coast tall grass prairie, consisting mostly of native tall grasses. The area is typically managed by annual mowing and prescribed burning every 2-5 years. It was last burned during the first FireFlux experiment in 2006.
The experimental design was aimed at allowing a head fire to move freely through an elaborate instrumentation array designed to sample both the near-surface atmospheric conditions and corresponding fire behaviour. The instrument platforms included towers, in situ fireproof sensors, remote sensing platforms and one airborne platform. A detailed description of the meteorological instrument platforms and sensors is included in Table 1 , and the experimental layout is shown in Fig. 1 .
Atmospheric measurements
The key surface meteorological platforms included an array of towers. A permanent 43-m meteorological tower is situated in the middle of the northern half of the burn unit (Figs 1 and 2) . Additionally, three 10-m meteorological towers were installed in the burn unit in a diamond array south of the 43-m tower (Figs  1 and 3j) . Each tower held a suite of meteorological instruments designed to measure near-surface momentum and heat transport before, during and after the fire front passage (FFP). The 3-D sonic anemometers (Applied Technology, Inc., SATI-Sx and RM Young 81000 models) on the towers provided the east-west (u), north-south (v) and vertical (w) wind velocity components, and the sonic temperatures T s . The sonic anemometers were sampled at a rate of 10 Hz using Campbell Scientific, Inc. (CSI) CR1000 and CR3000 data loggers. The sonic anemometers were mounted 5.8, 10, 20 and 43 m above ground level (AGL) on the 43-m tower and 5.3 m AGL on each 10-m tower. Unfortunately, the sonic anemometer data from the 43-m level was not recorded owing to a malfunction in the data logging system. To measure high-frequency thermodynamic profiles associated with the near-surface plume, thermocouple arrays were mounted on each tower with thermocouples placed at 1-m intervals. The fine-wire thermocouples (Table 1 , Omega, Inc.) were sampled at a rate of 1 Hz. Barometric surface pressure was also measured 3 m AGL on each tower using RM Young 61302V barometric pressure sensors. Heat flux radiometers (Medtherm, 64 series) were mounted at a height of 4.6 m AGL on the short towers to measure the emitted radiation from the fire front. The southern short tower was equipped with an additional total heat flux sensor (Hukseflux, SBG01), which measures the convective components in addition to the radiative heat flux. The radiometers were oriented nadir, facing downward in order to measure the radiative heat flux being emitted vertically from the fire. Two additional dual-band radiometers were mounted 5.8 and 10 m AGL on the 43-m tower. Each tower was equipped with a Global Positioning System (GPS) receiver to ensure synchronised time stamping of data between towers. Each tower base and sonic anemometer electronics box was wrapped in a fire-resistant material, which allowed the instruments and the data loggers to operate in the extreme heat during FFP. Surface winds were measured around the burn unit perimeter using 24 cup-vane anemometers (Onset Corp., S-WMA-M003), spaced ,20 m apart at a height of 3.3 m (Figs 1, 3i) . Each perimeter anemometer collected wind speed and direction data at 0.3 Hz.
The California State University Mobile Atmospheric Platform System (CSU-MAPS) (Clements and Oliphant 2014) 32-m micrometeorological tower (Fig. 3b) was located on the southeast corner of the burn unit and collected thermodynamic and wind profiles using 3D and 2D sonic anemometers (RM Young, 81000 and Gill Instruments, Ltd, Windsonic), and Vaisala, Inc., HMP45C temperature and relative humidity probes. Other instrumentation outside the burn unit included two Doppler sodars that provided 10-min average vertical wind profiles. One sodar (Atmospheric Research & Technology, VT-1; Fig. 3h ) was located on the north-west corner of the burn unit ,400 m north-west of the ignition line, whereas the second was installed 20 m north-west of the ignition line and 100 m north-west of the 43-m tower, near the University of Houston Atmospheric Laboratory (Fig. 1) . The sodar next to the burn unit perimeter (Scintec, MFAS-64) collected wind speed and direction data between 20 and 600 m AGL at 10-m increments. The sodar located upwind of the burn unit collected wind speed and direction data between 10 and 200 m AGL at 5-m increments. A microwave profiler (Radiometrics, Corp., MP-3000A) was installed on the roof of the Atmospheric Laboratory and measured tropospheric profiles of temperature and relative humidity. Finally, a Doppler lidar (model Streamline 75, Halo Photonics, Ltd) was installed at the north-western corner of the burn unit; its field of view towards the 43-m tower is shown in Fig. 3e . The lidar conducted a combination of horizontal plan position indicator (PPI) scans and vertical range height indicator (RHI) scans in an L-pattern fashion (Fig. 4 ) in order to capture radial velocities and backscatter intensities horizontally across the fire front and vertically within the plume. The class 1M laser operates at a near-IR 1.5-mm wavelength, and has a 15-kHz pulse rate. The range of the laser for this experiment was 60 to 1000 m, with a range gate size of 18 m. The radial velocity measurements are accurate to within 0.038 m s À1 , with signalto-noise ratios (SNR) exceeding 1.015SNR þ 1. Figs 1 and 3e show the position of the lidar relative to the ignition line and the advancing fire front.
Three separate automated weather stations (AWS) were situated near the burn unit, measuring wind speed and direction, air temperature and relative humidity. One AWS was situated in the north-west corner of the unit. Using an RM Young 3D sonic anemometer, the station was designed to measure heat flux outside of the burn boundary. A second station was set up directly south of the burn unit, and was equipped with a temperature and relative humidity probe (CSI, CS215), as well as a propeller anemometer (RM Young, 5103). The final AWS was positioned on the northern edge of the burn unit, and was equipped with a 3D sonic anemometer (CSI, CSAT3) and a net radiometer (Hukseflux, Inc., NR01). Unfortunately, the battery that provided the power for this AWS was burned over during the experiment and the data collected were subsequently lost. A Vaisala, Inc. radiosonde (RS92-GPS) was launched before the ignition from near the ignition site at 1424 Central Standard Time (CST) (Fig. 3g) . The radiosonde recorded at 1 Hz temperature, dewpoint temperature, wind speed and direction, pressure, position and altitude.
In addition to the meteorological measurements, some plume chemistry species were sampled 2.5 m AGL directly downwind of the burn unit (Figs 1, 3c and 3d ). The species included ozone (O 3 ), carbon dioxide (CO 2 ), methane (CH 4 ), carbon monoxide (CO), nitrogen oxide (NO), nitrogen dioxide (NO 2 ), oxidised forms of nitrogen (NO y ), and mercury (Hg). Aerosol concentrations (PM 2.5 , particulate matter of 2.5 mm or less in diameter, and black carbon) were also measured, but the data were not recovered as the sensors were damaged during the experiment. In addition to the measurement of gases and aerosols, volatile and semi-volatile organic compounds (VOC, SVOC) emitted during the burn were analysed. Two Tenax TA sorbent tubes were used with a pump (SupelcoÒ; 11.5 cm Â 6-mm outer diameter and 4-mm inner diameter) to capture low-and medium-volatility organic compounds and were placed at two different heights (6 and 18 m) on the 43-m tower. Sampling was carried out during the fire at a flow-rate of 150 mL min À1 . The sorbent tubes were transferred to a freezing box before being analysed by automatic thermal desorption-gas chromatography/mass spectrometry (ATD-GC/MS).
Fire behaviour measurements
To measure the rate of spread of the fire front, two interspersed grids of HOBO temperature data loggers (Onset HOBO, U12-014) equipped with an Omega 20-gauge K-type thermocouple were placed just beneath the ground surface within the soil. Eighteen HOBOs were spaced 30 m apart, recording temperature just above the soil surface, at a rate of 1 Hz. An array of pressure sensors was also placed between the 43-and 10-m towers (Fig. 1) . The pressure sensors, custom-built packages designed to collect pressure, internal temperature, external temperature, and GPS position data at 1 Hz, were installed 3 m AGL, and 30 m apart. Each sensor contained an aneroid barometer, GPS and a type-E thermocouple, and was mounted on a post and covered in protective fire-shielding material. This array was designed to provide fire front rate of spread estimates, as well as the measurement of pressure and temperature associated with the FFP. Two additional sensor systems were deployed in the burn unit and embedded within the fuels to measure fire behaviour properties. The first type was a fire behaviour package (FBP) ) that included a type-K thermocouple for flame temperature, a Schmidt-Boelter style radiometer (Medterm, Model 64-20T) that measured incident total and radiant energy flux, a custom-designed narrow-angle radiometer, and two pressure-based flow sensors designed to measure horizontal and vertical gas flows associated with the fire front. All data from the FBP were recorded at 10 Hz using a CSI CR1000 datalogger. The second type of sensor package was a fire-proof box, which housed video cameras that recorded visible imagery of the flaming front as it approached the FBP. The suite of FBPs were placed near each tower in the burn unit (Figs 1 and 3f ). Videos and photographs were taken by a variety of cameras. A ground-based digital single-lens reflex (DSLR) camera (Canon 40D), positioned on the western edge of the unit, collected photos of the fire front and plume with a 1-Hz time lapse. A wide-angle Go-Pro Hero 3 camera was installed on the 40-m observation tower (Fig. 1 ) located at the north-west corner of the burn unit at a height of 40 m AGL, collecting video of the entire unit from an aboveground vantage point. A second Go-Pro Hero 3 was installed 20 m AGL on the 43-m tower, facing down, in order to capture the fire front passage through the instrument array. Finally, a helicopter flew ,400-500 m above the experimental site, capturing simultaneous visible and infrared video using a gyro-stabilised gimbal camera system (FLIR Systems, Inc., Corona 350; Fig. 3a) . A photographer was also stationed in the helicopter, taking oblique aerial images using a Nikon DSLR camera. The helicopter flew in such a manner as to frame the entire burn unit, which made it necessary to increase altitude as the burn progressed. A second IR video camera (FLIR Systems, Inc., 640) was mounted on the observation tower 40 m AGL. Still visible images from the helicopter are presented in Fig. 5 , whereas corresponding georectified temperature snapshots from the IR camera mounted on the 40-m observation tower are shown in Fig. 6 . An additional FLIR 640 was pointed east and mounted 10 m AGL on the University of Houston Atmospheric Laboratory tower located ,25 m west of the ignition line.
Time synchronisation
In order to coordinate the timing of the fire with the time stamps of all the instruments, photos, videos and any other data collected, everything in the field needed to be timesynchronised. All cameras in the field were used to photograph an image of an atomic time clock. By comparing the photographed time with the timestamp on the camera image, a synchronisation could be calculated and applied to all images. All other timestamps on field computers and instruments were photographed, thereby allowing a simple time correction for each, based on the camera time. Although all data loggers were synchronised using GPS, similar photo comparisons were done as a failsafe.
Fuels sampling
The dominant fuel type in the experimental burn unit was tall grass, which consisted of cured native grasses including big bluestem (Andropogon gerardi), little bluestem (Schizachyrium scoparium) and long-spike tridens (Tridens strictus). Pre-and post-burn sampling were conducted on 4 January 2013 and 7 February 2013 respectively. The objective of the vegetation sampling was to characterise the structure and loading of combustible material within the burn unit. Twenty destructive clip plots (0.25 m 2 ) were established on a systematic grid within the burn unit at 25-m spacing. Clip plots were delineated by a 0.5 Â 0.5-m PVC square. All vegetation within each plot was cut and separated into four categories: upper layer grass, lower layer grass, forb and shrub. The boundary between the two grass layers reflects the visual assessment of the maximum continuous distribution of biomass, or centre of mass height.
All vegetation samples were labelled, checked, boxed and shipped to the USFS's Pacific Northwest Wildland Fire Sciences Laboratory in Seattle, WA, for processing. Samples were oven-dried at 708C until a constant weight was achieved, which was typically 48 h. Net dry weights were recorded, entered into data templates, and checked twice by different technicians to ensure accuracy. Fuel loading from vegetation data was determined using a macros-based Excel spreadsheet.
Post-burn fuel sampling was primarily conducted in areas wherein an uninterrupted head fire was observed during the prescribed burn. The identification of areas that received Fuel moisture sampling was conducted within 30 min of ignition. Samples (n . 5) of each vegetation category were collected outside the perimeter of each burn unit. All moisture samples were sealed and the net green or wet weights were measured as soon as possible in the field, but generally within 6 h of ignition. Moisture samples were then checked and processed onsite at the HCC. Samples were oven-dried at 708C for 48 h and moisture contents (%) were determined using a macros-based Excel spreadsheet.
Surface-area-to-volume (SAV) sampling was also conducted inside the perimeter of the burn unit before ignition. A total of 12 additional destructive clip plots (0.0625 m 2 ) were established on a systematic grid during pre-burn sampling to describe the fuel surface area available for heat and mass transfer. Clip plots were defined by a 0.25 Â 0.25-m PVC square (Fig. 7) . The maximum height of vegetation within the plot was measured to the nearest 0.5 cm before clipping. The boundary between the upper and lower grass layers was determined from dozens of measurements of the visual estimate of centre of mass for the species. This value (30 cm) was fixed to ensure sampling was conducted in a consistent and replicable manner by field technicians. Biomass clipped above 30 cm was classified as the upper layer, and biomass collected below 30 cm was classified as the lower layer. Samples were further sorted into like-size and shape categories. These categories included large cylinders, small cylinders, large blades, small blades and seed heads. Shape categories and size classifications varied slightly by species. Once sorted, geometric features of a subset of eight specimens within each category were measured with calipers to the nearest 0.01 mm to calculate the surface area (mm 2 ) and volume (mm 3 ) of each specimen. In categories defined as 'blades,' one total length measurement, four width measurements and four depth measurements were recorded for each specimen. In categories defined as cylinders, one total length measurement and four diameter measurements were recorded for each specimen. Owing to the small size of seeds, only one width (major axis), depth (minor axis) and length measurement was recorded for each specimen. Surface area and volume for seeds were approximated as ellipsoids. Surface area and volume measurements for grass blades were then approximated as rectangular prisms. Cylinder values were approximated using an average of diameter measurements. Each of the eight specimens per category was then weighed to 0.001 g. For each plot, all biomass within a given category was oven-dried at 708C for 48 h. The measured proportion of specimen mass to category mass was then used to approximate the total number of specimens in each category. Surface area and volume calculations were then scaled up from the specimen level to the category level. Table 2 lists the fuel loading characteristics. The unit average fuel loading was 0.64 kg m 2 with minimum and maximum of 0.41 kg m 2 and of 0.81 kg m 2 , respectively. Most of the mass or loading was located in the lower grass layer. The average fuel moisture content of all vegetation types sampled on the morning of the burn was 14.2% (Table 3) .
Synoptic weather conditions
The experiment was conducted in the midst of Texas' wildfire season and was initially scheduled in anticipation of a wintertime cold front passing through coastal Texas that would likely lead to dry, north winds. Forecasts on 26 January 2013 indicated that a cold frontal passage would occur during the night of 29 January, but would be followed by a post-frontal wind from the north-west, instead of a north wind.
The North American Regional Reanalysis (NARR) was used to analyse the synoptic weather conditions that occurred during the experimental period. As shown in Fig. 8 , a trough moved through Texas the day before the burn. A cold front was associated with the passing trough, which is illustrated by the surface dew point shading in Fig. 8 . At time, T -18 h (2100 CST 29 January), the trough axis was located over the Texas Panhandle, with the cold front approaching the experimental site (grey star in Fig. 8 ). At the time of ignition (Fig. 8, T ¼ 0; ,1500 CST), the trough axis was located over Houston. The cold front passage occurred 16 h before time of ignition. Surface observations at the burn unit showed the frontal passage occurred at ,2200 CST 29 January (Fig. 9) . The Doppler sodar profiles (Fig. 10) show that the pre-frontal wind profiles were southerly from 25 to 400 m AGL, and transitioned to SSW from 150 to 400 m AGL. After frontal passage, the winds were northnorth-westerly between 25 and 400 m AGL. Wind profiles remained nearly uniform with height after frontal passage, but transitioned to more north-westerly near the time of ignition.
The sounding data are shown as a skew-T diagram in Fig. 11 . The winds were north-westerly and extended through the boundary layer, which extended to 780 hPa (2.1 km AGL) as indicated from the neutral temperature profile. The wind direction transitioned from north-westerly to westerly flow above the boundary layer, and remained nearly uniform through the remainder of the profile.
On the night before the burning on 29 January 2013, the predicted cold front moved through the region and ,0.23 cm of rain fell around midnight, bringing January's rain total for the site to 7.6 cm. The temperature dropped from a maximum of 218C on 29 January to 168C at the time of the experiment on 30 January. The frontal passage brought about a wind shift from 1808 to 3158, an increase in surface wind speeds from 6-8 to 10-12 m s
À1
, and wind gusts in excess of 20 m s
. Fig. 9 shows the wind speed and direction at the time of the frontal passage. At the time of ignition, skies were clear, the temperature was 15.68C, the relative humidity was 23%, and surface winds remained west-northwesterly throughout the burn. These conditions led the National Weather Service (NWS) to issue a Red Flag Warning (weather that can lead to extreme burning conditions; https://w1.weather. gov/glossary/index.php?letter=r;accessed 12 March 2019) for the region, which overlapped with the timing of the proposed burning. In addition, there was a regional burn ban in place.
Ignition procedure
The fire was ignited at 15:04:08 CST as a line fire extending along the north-west corner of the burn unit. Two firefighters, each with a hand-held drip torch, walked ,100 m in opposite directions from the centre of the ignition line to the edge of the unit boundaries. The northern branch of the ignition took ,110 s to complete while the southern branch was paused for ,20 s until it was continued to the edge of the burn plot, which took an additional 90 s owing to the drip torch being blown out by the wind. The decision to pause the southern branch of the ignition was made by the ignition team member for unknown reasons. The fire spread resulted in a parabolic fire line driven into the instrument array by the ambient winds.
Coupled modelling for experimental design
One of the key goals of the experiment was to provide in situ observations of the winds and temperature above the propagating fire front. In order to accomplish this, the sensors were originally arranged in a large cross-pattern oriented in northsouth direction, with its north defined by the location of the 43-m tower (Fig. 12a ). This configuration was designed for the fire spread to be driven under a north wind that would generate a parabolic fire front propagating southward through the burn unit. In this configuration, the head fire was expected to impinge on the 43-m tower and one of the short 10-m towers, while the flanks would be sampled by the two most southern 10-m towers. As the proposed date for the burning approached, the chances of a northerly surface wind were gradually diminishing. All weather forecasts issued within 1 week of the proposed burn date were indicating north-west or west-north-west winds, which would result in a very narrow fire front and its head missing all the short towers and most of the ground sensors indicated in Fig. 12a . In order to assess how the fire would propagate under the forecast westerly winds, a set of preliminary coupled fireatmosphere model simulations, WRF-SFIRE (Mandel et al. 2011) , were performed. The model was configured in an idealised mode, similarly to the run performed for the original FireFlux experiment (see Kochanski et al. 2013 and Table 4 for details) and the vertical temperature and moisture profiles were T -18 initialised using the observations from the previous FireFlux experiment in 2006. The wind field, however, was initialised with two neutral-log profiles with friction velocities of 0.68 and 0.93 m s À1 and a surface roughness length of 0.15 m. These two profiles were designed to provide 10-m winds of 7 and 8.5 m s À1 respectively. The wind direction was set to 2908, 3108 and 3308 in order to cover a range of forecast wind directions. All the test simulations were performed with two walking ignition lines starting from a common point in the middle of the northern unit and extending east and west. These simulations indicated that 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00 2:00 4:00 6:00 8:00
Time ( the head fire would barely strike the 43-m tower and miss most of the ground sensors and all the short towers (see the red fill of Fig. 12b ). In light of these simulations, it became clear that the original experimental design had to be modified. The original ignition line was modified in order to extend the width of the fire front and maximise the sampling of the fire-induced circulations near the head and the flanks of the fire. The final simulated ignition was conducted using two segments, oriented normal to the expected wind direction of 2908 and 3208, forming a 1508 wide 'V' shape as shown in Fig. 12b . The new ignition procedure was implemented in the model and was executed again for the wind direction of 3108. Based on this new fire simulation (light blue fill in Fig. 12b ), the decision was made to relocate the surface sensors as well as one of the 10-m towers. The main goal was to maximise probability of having two towers sampling the wind and temperatures associated with the head fire and two towers sampling the winds and temperatures near the flanks. Additionally, this would enable determining the local rate of spread from in situ surface sensors independently from the IR observations.
Preliminary results

Observations of fire behaviour
As mentioned in the previous section, fire behaviour was monitored using three IR cameras (two mounted on towers and a third mounted in a helicopter), ground-based temperature loggers, and in situ visible video cameras and heat flux radiometers. The helicopter IR camera provided both visible and IR images of the burn unit (Fig. 5) . As shown in Fig. 5 , the fire front is shown progressing from the ignition line towards the 43-m tower as a parabolic shaped fire front (Figs 5a-f ) . The IR camera looking east from the air quality laboratory 10 m AGL provided only a limited low-elevation rear and side view of the fire. The IR camera mounted atop the 40-m observation tower proved to be the best source of fire behaviour imagery as it recorded video covering most of the burn unit. The 43-m tower, with its three anchor lines, and six additional points to the north, were used as reference points for georectification. The georeferenced IR images of recorded temperatures are shown in Fig. 6 . The ignition line oriented approximately normal to the mean wind direction resulted in an almost symmetrical parabolic fire front shape, with the maximum temperatures reaching 9008C. The average head-fire rate of spread over the first 90 s of the fire progression, presented in Fig. 6 , was ,1.6 m s
À1
. The flank-fire propagation was estimated between 0.8 and 0.96 m s À1 . The IR images provide a good overview of the fire front shape and its time evolution. However, the exact position of the head-fire front cannot be easily derived based on these IR images. The oblique view angle and significant flame lengths (up to 5 m) limited precise estimation of the location of the fire front on the ground, especially at large distances from the observation tower. For that reason, the IR data have been complemented by the rate of spread and fire isochrones derived from the surface HOBO sensors recording soil-surface temperatures via thermocouples (Fig. 13) . Additionally, fire front behaviour was interpolated from the GoPro (NW tower camera), using OpenCV Library (Bradski and Kaehler 2008) to correct for lens distortion, filter fire pixels and orthorectify the resulting images. These data were also compared with simulations of the experiment using ForeFire-MesoNH (Filippi et al. 2013) .
The HOBO thermocouples were deployed in a rectangular array, which allowed calculating the speed and direction of the fire front for each triangle of thermocouples (two triangles per rectangle) from the FFP times at the thermocouples (Fig. 13) . The FFP time was defined as the time when the temperature first reached 4008C. This temperature was chosen as a consistent threshold observed at each sensor. The maximum temperatures recorded ranged from 504 to 7288C, with an average of 6138C, and were reached 10 s after FFP on average.
The fire front speed and direction were calculated for each triangle from the fire front passage times at the triangle vertices (Fig. 13 ) using the method of Simard et al. (1984) . The method is most accurate when the fire front within the triangle is a straight line. For a given number of thermocouples (and triangles), there is a trade-off between accuracy, which is greater for small triangles, and areal coverage, which is greater for large triangles. In addition to the fire front motion vectors, Fig. 13 displays isochrones of the fire front at 10-s intervals. The combination of the vectors and isochrones clearly shows the head fire propagated in the same direction as the surface wind towards the south-east at rates of 1.2 to 2.5 m s À1 , and the flanking fire propagated more slowly towards the south-west at speeds of 0.5 to 1.5 m s À1 , with a median speed of 0.8 m s
.
Observations of fire-atmosphere interactions
One of the main goals of the experiment was to simultaneously measure the near-surface atmosphere and fire behaviour to better understand fire-atmosphere interactions and their role in fire spread. The instrumentation array allowed winds and temperatures to be measured during the FFP. The maximum plume temperature measured was ,3008C and occurred at 15:05:30 CST and was associated with FFP. This temperature maximum was located near the surface ,1.5 m AGL and represents the hot combustion gases, which were being advected by the surface winds. Corresponding to this temperature maximum was a maximum in negative surface pressure perturbation of approximately À0.3 hPa. This region of lower pressure was located at and just downwind of the fire front and was associated with the hot gases of the flaming zone. This low pressure caused the surface winds to accelerate and flow through and ahead of the fire front from upwind, advecting ignition temperature gases to the unburned fuels. This process was previously observed by Clements and Seto (2015) . What is also interesting is the absence of flow modification ahead of the fire front. There was a slight shift in wind direction 30 s before FFP, from north-westerly to a more westerly direction (at 15:05:00 CST), most noticeably at the 6-m level and less so aloft, although the winds at all levels do indicate a shift in direction. This lack of flow modification was most likely caused by the strong ambient winds, limiting development of any fire-induced circulations. Winds after the FFP actually weakened slightly as the pressure perturbation decreased behind the fire front. Further analysis of the spatial distribution of surface winds and surface pressure as they relate to the fire front position is shown in Fig. 15 , which shows a composite of Doppler radial velocities from the lidar and surface winds measured by the anemometer and tower arrays. The key feature is the increased velocity observed at the fire front (darker red shading) and increased vector lengths (Fig. 15d-e) . However, the increased wind velocity downwind of the fire front is somewhat intermittent and not continuous across the fire front. For example, the winds at the south-west interior tower actually decrease somewhat at 15:07:01 and 15:07:45 CST (Fig. 15e-f ). This may be caused by the local pressure gradient that is directed from higher pressure to lower pressure, from downwind of the fire front back towards the fire. The strong ambient winds overcame this local pressure gradient and so a wind reversal was not observed, contrary to what would be expected during grass fires of similar scale (Clements et al. 2007; Clements and Seto 2015) . One observation is that the local surface pressure field developed quickly and lower surface pressure was observed to occur in the vicinity of the fire front, both just downwind of it and within the flame zone (Fig. 15c) . This pressure field developed in response to the hot gases of the combustion zone and the plume. The pressure decrease, which formed at the base of the convective column, produced an indraft into the column strengthening winds at the fire front and accelerating the fire spread. This phenomenon has been noted previously during a small-scale field experiment (Clements and Seto 2015) , and in the laboratory (Finney et al. 2015) where the buoyancy-driven instabilities cause circulations to develop that cause flame peaks and troughs to develop in response to the resulting circulations (Finney et al. 2015) . It is at the trough where the air behind the fire front penetrates through the fire front and spreads the flames towards the unburned fuels. This phenomenon has been described in detail by Finney et al. (2015) who also showed these structures were present in other field-based experimental fires (e.g. ICFME). Our observations provide further evidence that this phenomenon does occur in grass fires associated with strong surface winds.
Summary and future work
The FF2 experiment was conducted to better understand the micrometeorological aspects of fire spread. The experimental design was guided by the use of a coupled fire-atmosphere model that predicted the fire spread in advance. This information was used to relocate instrument towers just ahead of the burn date. The experiment was conducted under a regional burn ban and National Weather Service Red Flag Warning conditions, which highlights the uniqueness of the experimental conditions. Results show that as the ignition began, a negative surface pressure perturbation developed and strengthened as the fire front and plume developed and spread through the instrumentation array. The winds measured by both the Doppler lidar and in situ towers showed that there was an increase in wind velocity at the fire front, but also that winds downwind of the front did not reverse into the approaching fire front as expected. We hypothesise that this is due to stronger ambient winds that advected hot gases forward and downwind of the fire front, which established lower pressure ahead of the front and resulted in acceleration of air through the flame front, limiting acceleration in the opposite direction.
Although this experiment provides an unprecedented dataset for analysis and model evaluation studies, there are some caveats that need to be mentioned. First, the airborne IR imagery was saturated, which limited its use in determining the fire behaviour characteristics of the entire burn unit. Additionally, the position of both the airborne and tower-based IR camera systems were such that only the first few minutes of the fire's progression provided reliable fire front position estimates. Although this failure is problematic for estimating fine-scale fire behaviour properties, the in situ sensors do provide a redundant source of information that can be used for analyses and model comparisons.
Overall, the experiment was successful in that it collected a large set of micrometeorological, air chemistry and fire behaviour data under high fire danger conditions. We show that the use of a coupled fire-atmosphere modelling system can assist in the design of even a small-scale experiment by helping determine fire front positions and where to ideally place in situ instrumentation to capture fire behaviour and to carry out near-surface meteorological measurements. These data will provide a valuable dataset for not only the testing coupled fire-atmosphere models, but the large amount of turbulence measurements will be invaluable for future analyses of turbulence regimes that develop in the vicinity of fires. Future experiments should utilise fine-scale modelling to help design field campaigns and to determine best-case scenarios for forecast wind conditions. Future experiments should also be flexible in their instrument installation layout in order to adapt to potential changes in meteorological conditions. The data collected during this experiment are available for use by request at http://www.fireweather. org/data-request/.
